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Abstract The investigation of flows at high Reynolds
number is of great interest for the theory of turbulence, in
that the large and the small scales of turbulence show a
clear separation. But, as the Reynolds number of the flow
increases, the size of the Kolmogorov length scale (g)
drops almost proportionally. Aiming at achieving the
adequate spatial resolution in the central region of a self-
similar round jet at high Reynolds numbers (Rek  350), a
long-range lPIV system was applied. A vector spacing of
1:5g was achieved, where the Kolmogorov length scale
was estimated to be 55 lm. The resulting velocity fields
were used to characterize the small-scale flow structures in
this jet. The autocorrelation maps of vorticity and kci (the
imaginary part of the eigenvalue of the reduced velocity
gradient tensor) reveal that the structures of intense vor-
ticity have a characteristic diameter of approximately 10g.
From the autocorrelation map of the reduced (2D) rate of
dissipation, it is inferred that the regions of intense dissi-
pation tend to organize in the form of sheets with a char-
acteristic thickness of approximately 10g. The regions of
intense dissipation have the tendency to appear in the
vicinity of intense vortices. Furthermore, the joint pdf of
the two invariants of the reduced velocity gradient tensor
exhibits the characteristic teapot-shape. These results,
based on a statistical analysis of the data, are in agreement
with previous numerical and experimental studies at lower
Reynolds number, which validates the suitability of long-
range lPIV for characterizing turbulent flow structures at
high Reynolds number.
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1 Introduction
The nature of the small-scale motions has received a
renewed interest in the recent past, which is supported by
datasets from DNS (Li et al. 2008; Ishihara et al. 2009),
PIV (Ganapathisubramani et al. 2008), or even both sim-
ulations and experiments (Elsinga and Marusic 2010). The
scaling of the small-scale motions and their topological
content were in particular the two aspects which captured
the interest mostly. In isotropic turbulence, the regions of
intense vorticity were found to organize themselves in
structures, shaped as elongated tubes (‘‘worms’’) (see
Siggia 1981; Ashurst et al. 1987 among others). These
‘‘worm-like’’ structures were originally identified from
DNS datasets. Their diameter was suggested to scale with
the Kolmogorov length scale, whereas their length with the
integral length scale of the flow, as proposed by Jimenez
et al. (1993). Lately, Ganapathisubramani et al. (2008)
observed experimentally that the fully-developed region of
a jet was populated by similar ‘‘worm-like’’ structures,
whose diameter was approximately ten Kolmogorov length
scales (10g), and whose length ranged from 60 to 100g. In
the same work, it was also found that the clustering of the
vortex tubes induces the formation of regions of intense
dissipation, which are responsible for around 50 % of the
total dissipation. These regions of intense dissipations tend
to be located in the neighborhood of vortex tubes, and
exhibit a sheet-like shape. Intense dissipation was observed
adjacent to the intense vortices also in wall-bounded tur-
bulence (Chacin and Cantwell 2000). In the turbulent
boundary layers, the fine scales of turbulence were
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analogously found to form intense vortices. According to
Herpin et al. (2013), the radius of these vortices does not
depend on the Reynolds number and the wall distance
when scaled with the local Kolmogorov length scale. The
most probable size of the radius of the vortices was mea-
sured to be 7g. Visual inspection of isosurfaces of vorticity
amplitude led Ishihara et al. (2013) to estimate the thick-
ness of the vortices to be approximately 10g. Their simu-
lations are of particular interest in that the Reynolds
number of the flow based on the Taylor microscale was
more than 1,131, a value never achieved in any earlier DNS
study.
Furthermore, the local flow topology could be extracted
through the analysis of the invariants of the velocity gra-
dient tensor (Chong et al. 1990). Two aspects were found
in the small-scale motions, independent of the turbulent
flow under investigation. Firstly, the vorticity vector
exhibits a preferential alignment with the eigenvector
corresponding to the intermediate eigenvalue of the strain
rate tensor (Lu¨thi et al. 2005; Ashurst et al. 1987). Sec-
ondly, the joint probability density function (p.d.f.) of the
second and third invariant of the velocity gradient tensor, Q
and R, presents a teardrop shape (Chong et al. 1998; Ooi
et al. 1999; Soria et al. 1994). Recently, both these apparent
universal aspects of small-scale topology were associated
with the existence of dominant shear layer structures con-
taining the vortices (Elsinga and Marusic 2010). From the
experimental point of view, the described achievements
were possible largely in consequence of the development
of tomographic PIV (Elsinga et al. 2006) and cinemato-
graphic stereoscopic PIV (Ganapathisubramani et al.
2007). These experimental diagnostics allowed to recon-
struct the full instantaneous local velocity gradient tensor
and to observe the evolution of the coherent structures in
turbulent flows.
Although the currently available PIV systems have
proved to be adequate in characterizing the activity of the
small scales, all the aforementioned experimental works
have the limitation of investigating flows at relatively low
Reynolds numbers (Rek 6 150, where Rek is the Reynolds
number based on the Taylor microscale). As a matter of
fact, flows at higher Reynolds numbers are of great interest
for the understanding of turbulence, in that the separation
between the large and the small scales of turbulence is
large, which allows, for instance, to assess the proposed
Reynolds number scaling of the small-scale structures.
Moreover, the theoretical description of turbulence implies
a clear separation of the large and small scales, which is
only reached at high Reynolds numbers. High Reynolds
number flows are also encountered extensively in practical
and industrial applications. Nevertheless, the low spatial
resolution of the PIV systems used so far represented a
limitation in the highest achievable Reynolds numbers of
the flow (Westerweel et al. 2013). In turbulence, an
increase in the Reynolds number of the flow results in an
almost proportional decrease in the size of the Kolmogorov
length scale (g). For an accurate description of the small-
scale motions, a spatial resolution of 3g (three times the
Kolmogorov length scale) is required, as pointed out by
Buxton et al. (2011), and Worth et al. (2010), even if this
condition can be somewhat relaxed in case of high overlap
of the interrogation windows (see Tokgoz et al. 2012). In
this context, long-range lPIV emerges as a promising
technique. The use of a long-distance microscope in front
of the camera allows to increase the spatial resolution, and,
consequently, permits to investigate flows at higher Rey-
nolds number, however, at the cost of losing information
on the large-scale flow structures.
Following to some sporadic and pioneering applica-
tions (i.e., Urushihara et al. 1993, among the others), the
use of long-range lPIV has recently experienced a certain
expansion. One of the first studies with the technique was
aimed at resolving the small-scale turbulence in a pipe
flow. The investigation was performed by Lindken et al.
(2002), who used a Questar QM-1 long-distance micro-
scope at a magnification of 2:6, and at a working distance
of 550 mm. They validated the lPIV set of data by
comparison of the main turbulence statistics with standard
PIV and with DNS. Of particular originality is the work of
Zeff et al. (2003), who relied on long-range microscopy to
estimate the three components of the velocity vector.
Invoking the hypothesis of local linearity of the flow
within the measurement volume, and using a system of
three high-speed cameras, each of those focusing on a
different laser sheet, allowed them to estimate the dissi-
pation and the enstrophy of the turbulent flow, from all
the nine velocity gradients, although in a single point and
at moderate Rek. Later on, long-range lPIV was applied
to investigate the laminar separation bubble above a
helicopter rotor tip, induced by an adverse pressure gra-
dient (Raffel et al. 2006). In the same year, Ka¨hler et al.
(2006) could successfully measure the turbulence in the
near-wall region of a boundary layer. The authors com-
pared the performance of the two leading manufacturers
in long-range microscopes. In the experiment, a local
seeding of the air flow was adopted to achieve an ade-
quate particle concentration within the measurement
domain. A data processing with ensemble correlation
methods led to a single-pixel resolution in the measure-
ments, even if the instantaneous turbulent fluctuations
were averaged out by this procedure.
Recently, Alharbi and Sick (2010) used a long-range
lPIV system to study the flow over the internal combustion
cylinder head, in the region between the intake and the
exhaust valves. The technique proved adequate to resolve
and follow the small-scale rotational structures in the
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combustion chamber. To simultaneously investigate the
near-wall region and the large-scale properties of a turbu-
lent boundary layer, Cierpka et al. (2013) developed a
system with multiple fields of view. Using single-pixel
correlation (Westerweel et al. 2004), they explored the
outer layer with a large field of view using standard optics,
whereas the Infinity K2 long-range microscope was
focused on the near-wall region. In the inner layer, the
processing with a PTV algorithm helped to minimize ran-
dom and systematic errors that occur due to the spatial
averaging. An analogous experiment was performed later
on by de Silva et al. (2014). The authors set up a PIV
system composed of eight cameras for the study of the
outer region, and a synchronized high-speed camera for the
inner layer. The turbulent statistics obtained were then
compared with the literature for the sake of validation. The
aim of the work was the investigation of the scale inter-
actions in a turbulent boundary layer, at high Reynolds
numbers. The rich variety of works that validated lPIV by
comparison of the velocity statistics proves the reliability
of the technique. Furthermore, the literature review reveals
that a spatial resolution on the order of 100 lm can be
achieved at the current technical standards.
The goal of the present work is to assess and validate the
performance of long-range lPIV in the study of the small-
scale motions in turbulence. We consider a jet flow at a
Reynolds number based on the Taylor length scale of 350
(Rek  350). The high spatial resolution of the long-range
lPIV systems allows us to examine the instantaneous
small-scale coherent structures at these high Reynolds
numbers, which is an element of novelty. Long-range lPIV
has been employed scarcely so far to investigate the
behavior of the small scales. And when it was the case, the
technique has been used to obtain the velocity statistics.
Here, the scaling of the vortex cores and the predominant
2D flow topologies are explored.
The outline of the paper is as follows. Section 2 is
devoted to the design, the description, and the validation
of the long-range lPIV experiment. Hot-wire anemometry
is used to validate the long-range lPIV measurements by
comparison of the turbulence statistics. Then, the velocity
fields obtained from the long-range lPIV experiment
allow to characterize the small-scale flow structures in the
turbulent flow under investigation (Sect. 3). The shape
and the size of the coherent structures of vorticity and
dissipation as well as their spatial organization are dis-
cussed. Furthermore, the 2D topological content of the
turbulent flow is investigated, based on the statistical
analysis of the invariants of the reduced velocity gradient
tensor (VGT). The main findings are then summarized in
Sect. 4.
2 Experimental setup
2.1 The design of the experiment
The air jet is issued from a nozzle with a diameter of D =
8 mm, at a mean velocity of UJ = 125 m/s, as measured
with a Pitot tube. The governing non-dimensional numbers
at the nozzle can thus be estimated as ReD ¼ 6:6  104 and
Ma = 0.37. While the jet is weakly compressible near the
nozzle, downstream at the measurement location the Mach
number has reduced to \0.1 so that incompressibility can
be assumed again. Further details on the settling chamber
and the shape of the nozzle are given by Slot et al. (2009).
The PIV experiment was designed on the basis of a pre-
liminary characterization of the jet flow, which was per-
formed using constant temperature hot-wire anemometry
(CTA). The hot-wire measurements were taken with a
Dantec 55P11 sensor, with an overheat adjustment of 0:7,
in order to keep the temperature of the sensor at a constant
temperature of 220 C. The feedback control of the wire
temperature was established through a Dantec Dynamics
56C17 CTA Bridge. The main aim was to estimate the
turbulent length scales at different downstream distances
from the nozzle. Further details on these hot-wire ane-
mometry measurements can be found in Fiscaletti et al.
(2013).
The CTA measurements also serve as a benchmark for
the validation of the PIV results. The mean dissipation rate
in the jets is estimated with (Panchapakesan and Lumley
1993):





where Uc is the centerline velocity, and r1=2 is the jet half-
width. Based on the local dissipation rate, the Kolmogorov








where m is the kinematic viscosity. Furthermore, hot-wire
anemometry allowed to determine the turbulence statistics
of the jet flow. In particular, the radial profiles of the mean
and the rms velocities were scaled with the mean centerline
velocity Uc of the flow. At each downstream position x, the
velocity profiles collapsed on a single curve after scaling
the radial distance r on r1=2, thus showing the self-similar
behavior typical of the jet flows for x=D [ 20 (Figs. 1, 2).
From this characterization, further information on the jet
flow could be inferred, such as the spreading rate and the
decay rate of the centerline velocity. These exhibited a
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good agreement with other studies available in the litera-
ture (i.e. Panchapakesan and Lumley 1993; Hussein et al.
1994). The maximum deviation for both the spreading rate
and the decay rate is within 5 %, when compared with the
study by Hussein et al. (1994). Based on the acquired
velocity statistics and under the hypothesis of isotropic









where urms is the rms of the axial velocity component.
The lPIV measurements were taken along the
centerline at a downstream distance of x=D ¼ 70 from the
nozzle. At this location, the most relevant turbulent quan-
tities were determined as g ¼ 57 lm; kT ¼ 2:19 mm, and
Rek ¼ urmskT=m ¼ 367. A detailed summary of the esti-
mated flow characteristics can be found in Table 1.
2.2 Long-range lPIV
The lPIV system consisted of a Nd:YAG laser (Quanta-
Ray, Spectra-Physics), a CCD-camera with 1,040  1,376
pixels format sensor (pixel size, dr ¼ 6:45 lmÞ, and a long-
distance microscope. A sketch of the experimental setup is
provided in Fig. 3. The main design parameters are sum-
marized in Table 2. For the present set of measurements, we
used the Questar QM-1, whose working distance ranges
from 550 to 1,560 mm. If no shadowing is introduced in the
measurements, the Questar QM-1 and the Infinity K2 can
provide particle images of similar quality, as shown by
Ka¨hler et al. (2006). The magnification factor adopted was
2.5, with a working distance of 560 mm, and f# ¼ 8:7. The
working distance is more than an order of magnitude higher
than the jet half-width at the measurement location
(52.2 mm), which is deemed sufficient to avoid any per-
turbative effect on the flow. As PIV seeding, we used DEHS
droplets (Di(2-ethylhexyl) sebacate, sebacic acid), gener-
ated from a Laskin nozzle. One of the most challenging
aspects in the design of long-range lPIV experiments is to
achieve a sufficient concentration of particle images within
the field of view. In jets, this is intimately linked to the way
the flow is seeded. From the analytical formulation of the
mean velocity profile in round jets (Pope 2000), the mass
flow at 70 diameters downstream the jet nozzle is more than
twenty times higher than at the nozzle exit. This difference
is due to entrainment of ambient fluid, which would suggest
to seed the entraining ambient flow. On the other hand, the
seeding of the whole ambient would create an optical bar-
rier between the measurement domain and the microscope.














Fig. 1 Mean streamwise velocity against radial distance in the
turbulent air jet, as measured with hot-wire anemometry at several
downstream locations (x=D)















Fig. 2 Rms streamwise velocity against radial distance in the
turbulent air jet, as measured with hot-wire anemometry
Table 1 Flow characteristics as estimated from hot-wire anemometry
and Pitot tube measurements
Jet exit diameter (D) 8 mm
Jet exit velocity (UJ) 124.8 m/s
Reynolds number based on the jet exit conditions 6.6 9 104
Spreading rate (S ¼ dr1=2ðxÞ
dx
) 0.096




Measurement location (x=D) 70
Centerline velocity Uc (x=D ¼ 70) 10.56 m/s
Jet half-width [r1=2 (x=D ¼ 70)] 52.2 mm
Taylor micro-scale [kT (x=D ¼ 70)] 2.19 mm
Dissipation rate [e (x=D ¼ 70)] 337.6 m2/s3
Kolmogorov scale g based on e 57 lm
Reynolds number based on Taylor micro-scale Rek 367
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Therefore, this option was deemed impractical. Instead, we
decided to directly insert particles within the air jet. The
injection of particles was done in the air supply line more
than two meters upstream of the jet nozzle, so to achieve a
uniform concentration of tracer particles within the flow,
and to avoid any perturbation that would result from
introducing a seeding device into the flow. Two seeding
generators were used, pressurized at 2.2 bar by a com-
pressor. Thus, the air jet under investigation was supplied
by both the seeded flow, and the unseeded air flow from a
second compressor, as sketched in Fig. 3. A nozzle velocity
of 125 m/s was again measured using a Pitot tube, which
confirmed that the jet exit conditions were the same as for
the hot-wire measurements. From the manual of the particle
generators (manufactured by PIVTEC GmbH), the droplet
size distribution of the tracers has its peak for a size of 1 lm.
Based on a particle diameter of 1 lm, the response time of
the seeding droplets is computed to be 3 ls. On the other
hand, the Kolmogorov time scale at the measurement
location is sg ¼
ﬃﬃﬃﬃﬃﬃﬃ
m=e
p ¼ 200 ls, therefore two orders of
magnitude larger than the time response of the particles.
This indicates that the velocity fluctuations in the flow can
be followed accurately by these particles. An estimate of the
average number of particles per image was obtained by
counting the number of local maxima in the light intensity
of a PIV image. As many of them are the result of back-
ground noise in the image, we constructed a plot which
relates the number of local maxima to the light intensity that
is considered as a background noise threshold. The trend
between the number of maxima and the threshold is showed
in Fig. 4 for a typical pair of PIV images. A reliable estimate
of the particles per image pair can be retrieved as the
number of local maxima obtained in the region of the graph
where the slope suddenly reduces (Fig. 4). In this way, the
number of particles per cross-correlation window of 64 
64 pixels was estimated to range between 9.5 and 15.
Considering an average number of particles per window of
12, the volume fraction of particles at the nozzle can be
estimated as 5:2  105, which corresponds to a mass
fraction of 4:8  102. The range of volume load fractions
for two-phase flows is from 102 to 105, where the inter-
action between the two phases is of the type ‘‘two-way
coupling’’, namely that the continuous phase and the dis-
persed phase affect each other mutually (see Poelma 2004;
Elghobashi and Truesdell 1993; Elghobashi 1994). This
implies that the volume load of particles in the present jet
flow at the nozzle is not negligible, and the droplets interact
with the flow. On the other hand, the ‘‘two-way coupling’’
between the two phases is confined to the region in the
proximity to the nozzle, since the air entrainment rapidly
reduces the volume fraction. At the measurement location,
the volume fraction of particles is estimated to be
2:6  106, and the effect of the particles on the flow is
considered to be negligible. Therefore, at the measurement
location, the small-scale motions of turbulence are not
affected by the volume load of particles. Furthermore, we
estimate the average particle image diameter from the
Fig. 3 Sketch of the long-range lPIV experimental setup and of the
jet’s seeded air supply
Table 2 Characteristics the lPIV measurements
Magnification factor 2.5
Working distance 560 mm
f# 8.7
Thickness of the light sheet 180 lm
Field of view 3.43 9 2.60 mm
Cross-correlation window side 160 9160 lm
Cross-correlation window side (pixel) 64 9 64
Window overlap 50 %
Vector spacing 80 lm
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autocorrelation function of the image intensity. The diam-
eter is around 3 pixels based on the width of the autocor-
relation function at 50% of the peak value. Some variation
in the particle image diameter exists because of the short
depth of focus (Adrian and Westerweel 2011, p 9).
Typically, the short depth of focus represents a critical
point in lPIV measurements. In PIV, the depth of focus is
commonly larger than the thickness of the light sheet, so
that all particle images appear in focus. But in lPIV, the
depth of focus might be less than the thickness of the light
sheet. To overcome this limitation, the thickness of the
light sheet was reduced using a cylindrical lens, so to
match the size of the depth of focus set by the long-range
microscope. Furthermore, both the depth of focus and the
light sheet were aligned carefully. The resulting thickness
of the laser sheet was estimated from a recording of the
light reflected on a plexiglass plate, positioned at an angle
of around 45 with respect to the camera (1st reflection, in
Fig. 5, right top). The recorded image (Fig. 5, left top) was
averaged along the vertical direction, in order to gain the
horizontal distribution of the light intensity (Fig. 5, left
bottom). We define the thickness of the light sheet based on
the location where the intensity dropped to 50 % of the
peak intensity. This assumption appears reasonable when
considering that the contribution of particle images to the
correlation coefficient goes with their intensity squared.
Particle images characterized by an intensity lower than
50 % of the maximum value produce a correlation that is
only 25 % of the correlation value obtained for particle
images of maximum intensity. Using this convention, the
thickness of the light sheet was estimated to be around
180 lm, corresponding to 3:3g. Following the book by
Adrian and Westerweel (2011, p 173), the Rayleigh length
of the light sheet was estimated to be 34:6 mm, thus more
than an order of magnitude larger than the field of view.
Data were acquired at a frequency of 5 Hz. A total of
11  103 image pairs were collected, divided over 4 runs
(3,500, 3,500, 2,000, 2,000). Each dataset of image pairs
was processed through a cross-correlation algorithm
(DaViS7.2 by LaVision). A two-pass grid refinement was
adopted, with a final interrogation window of 64  64
pixels, and a 50 % window overlap. The linear size of the
interrogation window was 160 lm, which corresponds to
2:9g at the measurement location. The field of view was
3:43  2:60 mm, equivalent to 62:4g 47:3g, or
1:68kT  1:27kT, where g and kT are the Kolmogorov
length scale and the Taylor length scale, respectively, as
derived from the lPIV data (see Table 4). A time delay of
3 ls was chosen between the first and the second laser
pulse, yielding an average particle image displacement of
11.8 pixels.
The median test for the detection of the spurious vectors
was applied to the present set of data (Adrian and Wester-
weel 2011, among others). The percentage of good vectors
was higher than 94% throughout the whole dataset. This
high percentage of good vectors allowed the application of
the algorithm for the replacement of the outliers based on
linear interpolation of the neighbors. Furthermore, the level
of peak-locking in the lPIV data was checked. Peak-lock-
ing is a bias error that affects a PIV measurements in its
subpixel accuracy (Adrian and Westerweel 2011, among
others). This bias depends on a lack of information in the
three-point centroid fitting that is used for a subpixel esti-
mation of the displacement. Figure 6 shows the level of
peak-locking bias error in the PIV measurements. Clearly,
the measurements are affected by a mild peak-locking.
When an iterative multi-step window deformation
approach, as the one implemented in DaViS7.2, is used to
process the image pairs, the peak-locking bias error pro-
duces a biasing toward 1=2-integer subpixel displacements
(Scarano 2002) as observed in Fig. 6.
The autocorrelation of the measured velocity provides
also information on the level of uncorrelated noise in the
PIV measurements. As explained by Poelma (2004) and
Benedict and Gould (1998), the autocorrelation function of
a noisy velocity signal is the sum of the autocorrelation
function of the velocity fluctuations and the correlation of
the noise. The contribution of the uncorrelated noise to the
autocorrelation function is confined to a small region
around the peak extending one window size in each
direction. Therefore, an estimate of the contribution of the
true velocity fluctuations to the correlation peak was












Fig. 4 Number of local maxima in the light intensity in a random PIV
image pair, above a given light intensity threshold. The range marked
with red circles yields a number of particle images per PIV image pair
ranging between 104 and 6  103. This results in a number of particle
image per correlation window ranging between 9.5 and 15
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Fig. 5 Right sketch of the
procedure for the estimate of the
thickness of the laser sheet. Left,
top recorded image of the laser
sheet, as reflected by the
external surface of a plexiglass
plate (1st reflection) positioned
at an angle of 45 with respect
to the camera. Note that the
gray values have been inverted.
Left, bottom average light
intensity distribution used to
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Fig. 6 The pdf of the non-integer part of the pixel displacement
provides an estimate of the level of peak-locking in the lPIV
measurement
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R11
Fig. 7 Two-point autocorrelation function of the streamwise velocity
component, for shifts in the streamwise direction (Dx1). In the inset,
the points used for the fitting of the parabola have been marked with
circles
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obtained by fitting a parabola to autocorrelation function of
the streamwise velocity R11, using the 2nd to the 5th point
away from the peak. These points are not affected by the
noise. At Dx1 ¼ 0, the gap between the fitted parabola and
R11 peak represents the square of the estimated noise level.
As it can be appreciated from Fig. 7, the measurements are
affected by a noise level less than 0.16 m/s (\6 % of the
urms). Anyway, the noise in the PIV data was attenuated a-
posteriori by applying a regression filter. The filter replaces
the value measured experimentally in a certain point of the
domain, with the value obtained in the same point by least-
square fitting a parabola to the velocity in a 5  5 neigh-
borhood around the point. Details on this linear filter is
given by Elsinga et al. (2010). In the next Subsection, and
in the Sect. 3, we exclusively deal with filtered data.
2.3 Validation by comparison of the turbulence
statistics
The PIV measurements were validated by comparison of
the mean, rms, skewness, and kurtosis of the streamwise
velocity component, with the results of the hot-wire ane-
mometry measurements. The result of this comparison is
given in Table 3. The measurement uncertainty was esti-
mated with the bootstrapping method. The discrepancy in
the mean between hot-wire anemometry and PIV can be
most likely attributed to a slightly different radial location
of the measurements. The other velocity statistics show a
good agreement.
Furthermore, we derived from lPIV some of the main
properties of the turbulent flow that had been previously
computed based on the flow statistics measured with hot-
wire anemometry. In homogeneous isotropic turbulence,
the following Equation can be used (Pope 2000) to calcu-







where u1 is the streamwise component of the velocity
vector, hi denotes a temporal averaging, and m is the
kinematic viscosity. The velocity gradient in streamwise
direction was computed using a central difference scheme.
From Eq. 3, it was possible to derive the Taylor micro-
scale (kT), and, from that, the Reynolds number based on
the Taylor length scale (Rek). Equation 2 was used to
determine the Kolmogorov length scale based on lPIV
data. The flow characteristics as determined from the lPIV
data are collected in Table 4. They compare very well with
those determined from the hot-wire anemometry, as pre-
sented in Table 1, which is a further validation of the
present lPIV measurements.
3 Results
From the PIV data, the reduced VGT could be computed.
A central difference method allowed the velocity gradi-
ents to be extracted from the discrete set of filtered















where the subscripts 1 and 2 represent the streamwise and
spanwise directions, respectively. Based on A, the vortical
structures are then examined, which typically populate the
fully-developed region of the jet. These structures tend to
appear in the shape of elongated vortices, called ‘‘worms’’
after the works by Siggia (1981) and Ashurst et al. (1987),
among others. In particular, we focus on the vortices in the
2D domain, which are regarded as the footprints of the
worm-like structures on the intersecting plane of mea-
surement. We characterize them in terms of circulation,
rate of occurrence, and size of the core. Possible connec-
tions between vortices and regions of intense dissipation
are also examined in the following, since a link between
them has already been ascertained in the literature at lower
Reynolds number (Ganapathisubramani et al. 2008; Chacin
Table 3 Comparison of the main turbulence statistics from lPIV and hot-wire measurements
Mean (m/s) RMS (m/s) Skewness Kurtosis
lPIV 9.78 ±0.06 2.69 ± 0.03 0.10 ± 0.05 2.84 ± 0.03
Hot-wire (centerline) 10.56 ± 0.09 2.63 ± 0.04 0.08 ± 0.03 2.85 ± 0.05
The measurement uncertainty was estimated with the bootstrapping method
Table 4 Flow characteristics estimated from the lPIV data
Taylor micro-scale, at the measurement location kT 2.04 mm
Average dissipation rate estimated at x=D ¼ 70 e 410.9 m2/s3
Kolmogorov length scale based on e g 55 lm
Reynolds number based on Taylor micro-scale Rek 349
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and Cantwell 2000). The way to detect and define a vortex
inside a velocity vector field is still somewhat controver-
sial. In the literature on turbulence, many schemes and
criteria for vortex identification are reported. Recently, a
detailed review of vortex identification criteria in turbu-
lence data was given by Chakraborty et al. (2005). The
swirling strength criterion proposed by Zhou et al. (1999),
also known as the kci-criterion, exhibits some advantages
that made it particularly suited for the present study. The
most relevant advantage is the capacity of detecting vor-
tices independently of their convection velocity. Another
advantage is that the swirling strength is sensitive only to
the in-plane rotation, and is not affected by shear as is the
vorticity component. The kci-criterion takes into consider-
ation the imaginary part of the eigenvalues of the VGT (kci)
in each point of the velocity field. A vortex is detected if
either one point or spots of multiple points was/were
characterized by kci [ 3:6kci;rms, where kci;rms was com-
puted considering only the nonzero kci values. The appli-
cation of this threshold allowed to detect 10,423 intense
vortices, distributed over the 11,000 velocity fields. With
the aim of identifying the subgrid position of the centers of
the vortices, we computed the centroid of the kci distribu-
tion belonging to the same vortex core. The spatial extent
of the vortex was estimated as the largest box that could
surround the center, where all the included points were
characterized by a decreasing vorticity magnitude when
moving from the center to the periphery of the box. The





where dx1 and dx2 is the vector spacing in the streamwise
and the spanwise direction, respectively, N is the number
of points inside the box, and x3ðjÞ is the out-of-plane
vorticity component in the jth point of the box, computed
locally as follows:
x3 ¼ ðou2=ox1Þ  ðou1=ox2Þ ð6Þ
The mean circulation obtained for vortices with C[ 0 was
1.932 9 10-3 m2/s, whereas the mean circulation obtained
for vortices with C\0 was -1.926 9 10-3 m2/s. In Fig. 8,
the pdfs of the circulation for both positive and negative
values of C is given.
The autocorrelation functions of the vorticity (x3) and
kci allowed for a statistical evaluation of the size of the
vortical structures (Fig. 9). As expected, the two autocor-
relation maps look very similar, in particular in the shape
of the central peak. This allows to obtain a confident
estimate of the size of the diameter for the structures of
intense vorticity. In Figs. 10 and 11, two longitudinal
sections of the autocorrelation maps of both x3 and kci are
shown. Due to the axial symmetry with respect to the
origin of these specific autocorrelation maps, we introduce




, and we present the
profiles of the autocorrelation coefficient versus the radial
shift r. The two profiles permit to estimate the diameter of
the core at around 10g, after taking a value of R ¼ 0:5 as a
threshold for the edge of the vortical structure. A confir-
mation for this vortex diameter is obtained by evaluating
the local profile of the kci, in the instantaneous contour
map of kci. In Fig. 12, a contour map reveals at least four
intense vortical structures. The cores of these vortices are
intersected along the lines indicated (black), and the cor-
responding instantaneous profiles are given in Fig. 13. The
diameter of the four vortex cores ranges between 9g and
12g. This is in agreement with the measurements of
Ganapathisubramani et al. (2008), and with the simula-
tions by Jimenez et al. (1993), even though at higher Rek.
In DNS simulations at unprecedented high Reynolds
numbers (Rek [ 1,000), Ishihara et al. (2013) reported a
thickness for the intense vortices of 10g, based on a visual
inspection of instantaneous snapshots of vorticity isosur-
faces. Hence, the present experimental results further
support a scaling for the vortex diameter with the Kol-
mogorov length scale g. The tendency of the fine scales to
organize themselves in elongated vortices whose diameter
scales with the Kolmogorov length scale was also found in
turbulent boundary layers (Herpin et al. 2013). This
observation suggests that the presence of these fine-scale
coherent structures in fully-developed turbulence is inde-
pendent of the flow under analysis, and can be considered
a universal property.
The estimate of the local instantaneous dissipation rate
can be obtained with:










Fig. 8 Pdfs of the positive and negative values of the circulation C of
the vortices identified with the kci-criterion (kci > 3:6kci;rms)
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where A is the reduced VGT in a point. Similarly to what
has been done for x3 and kci, the autocorrelation map of e
was computed revealing an axial symmetry. This allowed
to statistically evaluate the shape of the regions of intense
dissipation. In Fig. 14, again a sharp peak can be observed
in the cross-correlation map, but in this case, the tail still
corresponds to significant levels of correlation up to the
edge of the observation domain. These considerations over
the correlation map represent a clear indication for a dual
scale (sheet-like shape) in the highly dissipative regions,
which is consistent with the pancake-shape observed at a
lower Reynolds number with cinematographic stereo-PIV
(Ganapathisubramani et al. 2008). In particular, the width
of the central peak (10g) would then correspond to the
thickness of such sheet, while width of the tails (of the
order of the observation domain) would be associated to
the length of the sheet. A confirmation of this observation
can be found in the instantaneous contour maps of e, a
typical example of which is given in Fig. 15.
As observed by Ganapathisubramani et al. (2008), the
cluster of vortex tubes increases the probability for regions
of intense dissipation to occur. If this tendency is inde-
pendent of the Reynolds number of the flow, the present
investigation should show the same characteristic. For this
reason, a correlation between the presence of vortices
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Fig. 9 Autocorrelation coefficient map of vorticity
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Fig. 10 Section of the autocorrelation coefficient map of vorticity (as
in Fig. 9)
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Fig. 11 Section of the autocorrelation coefficient map of kci
























Fig. 12 Contours of the instantaneous kci for the identification of the
structures of intense vorticity
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dissipation was computed. A threshold of kci ¼ 3:6kci;rms
and e ¼ 3erms was imposed, the latter in order to discrim-
inate between normal and intense turbulent dissipation,
with erms ¼ 338:5 m2=s3. From the literature, it is expected
that when at least one vortex is detected within the field of
view, one or more regions of intense dissipation are found,
whereas when no vortices are detected, the turbulent dis-
sipation is also lower than the imposed threshold. In
79.2 % of the cases, the presence/absence of vortices
within the field of view was accompanied by at least one/no
region of intense dissipation. The described thresholding
led to an absence of vortices in the field of view in 58 % of
the cases, and to an absence of regions of intense
dissipation in 54 % of the cases. In Table 5, the statistics on
the presence and absence of regions of intense dissipation
and intense vortices are given. An estimate of the distance
between vortices and regions of intense dissipation can be
obtained by a cross-correlation of kci and e. A radial profile
of the correlation map is given in Fig. 16. The cross-cor-
relation map presents a peak at approximately 9g, and it
decreases when moving toward the periphery of the cor-
relation map, therefore for a higher mutual distance
between kci and e. The mutual distance is around one order
of magnitude higher than the Kolmogorov length scale,
which is comparable to the typical diameter of intense
vortices. Figures 12 and 15 present visualizations of kci and
e at the same instant in time. In Fig. 15, the centers of the
intense vortices, as detected from the map of kci (Fig. 12),
have also been marked as white dots. From this instanta-
neous map, the regions of intense dissipation appear
elongated, and their shape can be regarded as the footprints
of structures having two characteristic dimensions. This
finding is consistent with the profile of the autocorrelation
coefficient map of intense dissipation (Fig. 14), and with
the description of the high dissipation regions as ‘‘sheets’’
(Ganapathisubramani et al. 2008) or ‘‘pancakes’’ (Vincent
and Meneguzzi 1994). By comparing these plots, it can be
seen that peaks of kci are found adjacent to the peaks in
dissipation. This is again consistent with the suggested
organization of dissipation and vortices (Ganapathisubra-
mani et al. 2008; Chacin and Cantwell 2000). On the other
hand, it seems that the vortex tubes are all oriented per-
pendicularly to measurement plane, as their footprints
(except for the structure A) are nearly round. If the vortex
tubes are not perpendicular, we expect an elliptical foot-
print. Therefore, even though in a situation of isotropic
turbulence on average, the structures of intense dissipation











Fig. 13 kci profiles across selected vortex cores (as indicated in Fig.
12)
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Fig. 14 Section of the autocorrelation coefficient map of the rate of
dissipation e
























Fig. 15 Contours of the instantaneous rate of dissipation e. The white
dots indicate the centers of the vortical structures in Fig. 12
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could have locally a preferential orientation at a particular
instant in time. Also, in terms of the spatial organization of
the two entities, it seems that the vortices are mainly
located near to the short side of the sheets, rather than
‘‘surrounding‘‘ the sheets, as suggested by Ganapathisubr-
amani et al. (2008) in the ‘‘cartoon’’ of their Fig. 19. This
would suggest a scenario that is more consistent with the
very recent observations by Ishihara et al. (2013), from
DNS at very high Rek. The authors identified layer-like
structures consisting of clusters of strong vortex tubes.
According to Ishihara et al. (2013), these layers are mainly
found in proximity of jumps in the large-scale velocity, and
are therefore characterized by intense shear, consistently
with average topology of Elsinga and Marusic (2010).
Nevertheless, the small field of view of the present set of
data, and the lack of the third component in the velocity
vector fields does not allow to check the consistency of
these observations any further.
Moreover, it is of interest to consider the spatial orga-
nization and the form of the regions of maximum dissi-
pation in the Burgers vortex, for sake of comparison with
the present experimental findings. In a Burgers vortex, the
dissipation is maximum at a distance of 8–12g from the
vortex center, similarly to the present experimental results
(Fig. 16). On the other hand, the maximum dissipation is
organized in a circular region around the Burgers vortex
core forming a ring. This a relevant difference between the
theoretical model and the experiments. In fact, the present
experiment and the experiment by Ganapathisubramani
et al. (2008) show that the regions of intense dissipation
have a sheet-like appearance (Fig. 15), which is in contrast
with the vortex model by Burgers.
Furthermore, the 2D topological content of the turbulent
flow was investigated, following the approach outlined by
Cardesa et al. (2013) based on the invariants of the reduced
VGT. The characteristic polynomial of A was firstly
computed:
a2 þ paþ q ¼ 0; ð8Þ
where p and q are given by:
p ¼ trðAÞ; ð9Þ
q ¼ detðAÞ; ð10Þ
where p and q are the invariants of the reduced VGT. As
shown by Cardesa et al. (2013), p and q represent a pow-
erful tool in the study of the small scale topology in a 2D
plane. Under the assumption of isotropy, further consid-
erations on the statistical properties of p and q can be made,
since the 2D measurement plane randomly intersects the
3D flow patterns. However, the local flow topology cannot
be retrieved from the reduced VGT. The following statis-
tical analysis of the invariants of the reduced VGT relies on
106 values of p and q.
If the flow can be assumed isotropic and incompressible
(Ma\0:1 at the measurement location), it can be shown
that (Cardesa et al. 2013):









Fig. 16 Section of the cross-correlation map of kci and the rate of
dissipation e. The cross-correlation map has been normalized by its
maximum Rkci;max

















Fig. 17 Jpdf of the two invariants of the reduced VGT
Table 5 Percentage of the
presence and the absence of
intense vortices
(kci > 3:6kci;rms) and of regions
of intense dissipation
(e > 3erms m2=s3) within the
measurement domain
e > 3erms









Furthermore, homogeneity implies that hpi ¼ 0, and
hqi ¼ 0. In Table 6, a summary of the statistics of the
invariants p and q is collected. The quantity hpqi=hp3i
slightly deviates from the theoretically predicted value of
7=6. Analogous deviations were similarly found in other
experimental and numerical studies, on different turbulent
flows, such as jet, impeller-generated turbulence, and
channel flow (see Cardesa et al. 2013). These were
explained in terms of experimental noise and the low order
of the approximation schemes for the derivatives. For the
simulations, a reason for this scattering was attributed to
aliasing (Cardesa et al. 2013). Despite these deviations, the
analysis of the invariants gives a result that is consistent
with homogeneity and isotropy of the small-scale turbu-
lence, and with the incompressibility of the flow.
Moreover, we computed the joint pdf (jpdf) of the
invariants of the reduced VGT, p and q (Fig. 17). The
invariants p and q are normalized by hx23i1=2 and hx23i,
respectively. The contour levels in Fig. 17 are given on a
logarithmic scale. The parabola q ¼ p2=4, corresponding to
the boundary between real and imaginary roots of the
characteristic polynomial of A, is also included in the
graph. The jpdf exhibits the characteristic teapot-shape that
was also found for other turbulent flows (Cardesa et al.
2013). This shape illustrates the higher statistical proba-
bility of some topological features to occur in turbulence.
In particular, the asymmetric distribution in the jpdf
implies that hpqi\0. The quantity hpqi can be directly
related to the average enstrophy amplification hxiSijxji
within the flow, for isotropic turbulence (Cardesa et al.
2013):
hpqi ¼  1
15
hxiSijxji ð12Þ
The quantity hpqi for our data is indeed negative (Table 6).
This implies that the amplification of enstrophy is positive
on average, and that vortex stretching is predominant.
Following Townsend (1951), the vortex stretching term can
be related to the longitudinal velocity-derivative skewness
factor, So:












Again, a negative value of So is a further indication for a
positive amplification of enstrophy (Table 6). This is
consistent with the recent finding by Buxton and Gana-
pathisubramani (2010), who examined the experimental
dataset on an air jet described by Ganapathisubramani et al.
(2007).
4 Conclusions
Long-range lPIV was applied to resolve the small-scale
motions in the fully-developed region of an axisymmetric
air jet at high Reynolds number. The measurement was
taken along the jet centerline, at a downstream distance of
70 nozzle diameters from the nozzle exit, in a plane parallel
to the axis of the jet. The vector spacing of the PIV data
was 1.5g, obtained at Rek  350, where g is the Kol-
mogorov length scale, which was estimated to be 55 lm. A
Questar QM-1 long-distance microscope was used, by
which we obtained a magnification factor of 2.5 at a
working distance of 560 mm. The main difficulties related
to this kind of diagnostic are achieving a sufficiently high
seeding concentration within the field of view, and the
precise overlap between the light sheet and the object focal
plane within the depth-of-field of the optics, to avoid the
illumination of the out-of-focus particles. The first four
statistical moments of the turbulence fluctuations, namely
mean, rms, skewness, and kurtosis, were computed from
the PIV data and compared with data from hot-wire ane-
mometry. The comparison revealed a good agreement for
rms, skewness, and kurtosis, since these statistics are less
sensitive to the radial location of the measurement domain,
within the jet flow. Furthermore, we investigated the vor-
tical structures, which populate the far-field of jets, as
described in the literature. The 2D PIV system allowed to
examine only the signature on the intersecting measuring
plane of these elongated 3D vortical structures (in the
shape of ‘‘worms’’). After identifying these with the kci-
criterion proposed by Zhou et al. (1999), they were
investigated with a particular focus on their circulation,
rate of occurrence, and size of the core. The present work
Table 6 Statistics of the invariants of the reduced VGT
hpi hqi hpqi hp3i hpqi/hp3i S0
0:004  0:003 0:000  0:002 0:060  0:003 0:048  0:005 1:250  0:053 0:474  0:032
hpi and hqi have been normalized by hx23i1=2 and hx23i, respectively. hpqi and hp3i have both been normalized by hx23i3=2. The measurement
uncertainty was estimated with the bootstrapping method
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reconfirmed that the core of the vortical structures scales
with the Kolmogorov length scale g, with a diameter of
around 10g, consistent with the findings by Jimenez et al.
(1993), Ganapathisubramani et al. (2008), Ishihara et al.
(2013) and Herpin et al. (2013) in a turbulent boundary
layer. Moreover, the regions of intense dissipation tend to
assume a sheet-like shape. It was also found that the
occurrence of the vortical structures is intimately linked
with the presence of regions of intense dissipation, as
already reported by Ganapathisubramani et al. (2008). An
estimate of the nominal distance between vortical structures
and highly dissipative regions was obtained by cross-cor-
relating kci and the rate of dissipation e. A clear peak in the
correlation map was found for a separation distance of 9g,
thus comparable to the typical diameter of intense vortices.
Furthermore, we applied the approach suggested by
Cardesa et al. (2013) in the analysis of the flow topology
from the reduced VGT. The joint pdf of the two invariants
of the reduced VGT allowed to determine the statistical
preponderance of the different flow topologies. The jpdf
exhibited the characteristic teapot-shape that was also
found in other turbulent flows (Cardesa et al. 2013). The
asymmetric distribution of the jpdf implies hpqi\0 (where
p and q are the invariants of the VGT), which is an evi-
dence for the amplification of enstrophy and for the pre-
dominance of vortex stretching. Additionally, statistics of
p and q were consistent with the hypothesis of homoge-
neity and isotropy of the small scales. A mild peak-locking
bias error in the PIV data could explain the small devia-
tions from the analytical predictions.
In conclusion, the small scales of turbulence could be
confidently resolved in an air jet at high Reynolds number.
This was possible by performing long-range lPIV. The
experimental study of the structures of vorticity and of
intense dissipation, and the analysis of the flow topology
revealed a behavior of the small-scale motions consistent
with previous works, at lower Reynolds number.
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